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Abstract Gas barrier properties are very relevant in
composite materials for applications so diverse such
as food packaging, electronics, or old document resto-
ration. In the present work, four different types of cel-
lulose nanofibres (CNFs), two types of clay minerals
used individually (sepiolite) or combined (sepiolite +
kaolinite), and the influence of pH, were explored in
the production of composite films. Neat CNFs, only
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mechanically treated or prepared by enzymatic pre-
treatment, gave films with good mechanical and bar-
rier properties, but the addition of minerals led to a
dramatic loss of these properties. Contrarily, the use
of thin and functionalized fibrils (TEMPO-oxidised
or cationized CNFs) gave composite films with good
mechanical, thermal and barrier properties. Superior
oxygen barrier properties (oxygen transmission rate
(OTR)<0.4 cm® m™2 day_l) were obtained using
TEMPO-oxidised CNF and 20% sepiolite, and, in
general, for all the composite films containing the
TEMPO CNF (OTR < 1.8 cm® m~2 day™!). The cati-
onic CNF-based composites also showed a very good
oxygen barrier (OTR<8.2 cm® m~2 day™!). The high
oxygen barrier could be explained by the compact-
ness of the films and better entanglement of the more
fibrillated nanocelluloses with the mineral particles.
A decrease in the pH of the suspensions led to a
decrease in the film preparation time, without a major
negative impact on the composite film’s properties.

Keywords Nanocellulose - Cellulose nanofibrils -
Water vapour transmission rate - Oxygen
transmission rate - Gas permeability - Tensile strength
Introduction

In recent years, a lot of scientific research has been

devoted to developing materials with lower envi-
ronmental impact, suitable to substitute plastics in
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different applications. It is known that plastics, micro-
plastics, and nanoplastics are spread in terrestrial
and aquatic media, with severe problems for terres-
trial and aquatic life, being a large contribution for
that given by the single-use plastics employed, for
instance, in food packaging (Abbasi et al. 2018; Hale
et al. 2020; Magalhaes et al. 2020). Cellulose-based
materials are obvious candidates due to the wide
abundance and excellent properties of this biomate-
rial (Alves et al. 2019). However, so far, the cellulose-
based materials developed to substitute plastics in
food packaging have shown some limitations, mainly
related to the poor gas barrier properties (Wang et al.
2018), under high moisture conditions. The water
vapour and oxygen barriers are key properties in food
packaging because the quality of the food and the
shelf life is greatly influenced by the properties of the
packaging.

Among the available cellulose-based materials,
cellulose nanofibres (CNFs) are regarded as materi-
als with great potential for applications such as food
packaging. These nanomaterials present desirable
properties, which include high biocompatibility and
biodegradability, superior film-forming capability,
and good mechanical properties (Zeng et al. 2021).
However, driven by the high energy consumption
and/or pre-treatments needed for their preparation,
CNFs are still relatively expensive nanomaterials,
this being one of the main drawbacks related to the
replacement of plastic materials with nanocellulose-
based ones. Strategies have been developed to reduce
costs, without compromising the properties of the
developed materials, and even improving for exam-
ple the barrier properties. One of the most promising
approaches involves the preparation of CNF-mineral
nanocomposites (Alves et al. 2019; Gamelas and Fer-
raz 2015; Gonzalez del Campo et al. 2018). A quick
look at the available literature reveals that most of
the studies reporting CNF-mineral composites were
developed using planar minerals, such as montmo-
rillonite, vermiculite or saponite (Alves et al. 2019).
Only a minor number of works were developed using
other types of minerals, such as fibrous clay minerals.

Sepiolite (SEP) is a fibrous clay, available in
nature, composed of highly porous frameworks
derived from the presence of cavities (tunnels), being
the ideal formula MggSi;,05,(OH),(OH,),.8H,0.
An important characteristic of this mineral is the
high density of silanol groups on the particle surface,
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allowing the interaction of the mineral with the other
composite components by hydrogen bonding. Moreo-
ver, other interactions, such as Van der Waals inter-
actions, contribute to the presence of aggregates of
the acicular individual particles of this fibrous clay,
reducing the dispersibility of the individual particles
in the prepared suspensions (Wang and Wang 2019),
and thus impacting the properties of the prepared
composites, very dependent on the dispersion state
and mixture of the different components (Alves et al.
2019).

Several strategies can be employed to improve the
dispersion stability of sepiolite and positively impact
the properties of the prepared composites (Alves et al.
2020b). Gonzélez del Campo et al. (2020) reported
the use of ultrasound irradiation to prepare nano-
composite materials by assembling fibrous clays and
cellulose nanofibres. The obtained films presented
good mechanical properties (Young’s modulus of
2.8 GPa) and reasonable water vapour barrier prop-
erties (water vapour transmission rate (WVTR) of
286 g m~2 day~!) with the optimal loading of 20% of
sepiolite, being the barrier properties highly affected
by an increase of the mineral content. The same strat-
egy was also used to prepare CNF-sepiolite compos-
ite films and modify those films with magnetite and
ZnO nanoparticles, for applications in biomedical and
biotechnological fields (Gonzalez del Campo et al.
2018).

Very recently, Martin-Sampedro et al. (2022) also
used ultrasonication and Ultra-Turrax homogenizer
to prepare mixtures of sepiolite and nanocelluloses
able to form nanopapers. The authors stated that the
properties, such as flammability, water vapour per-
meability, and mechanical and optical properties of
the obtained nanopapers would be dependent on the
type of nanocellulose and the sepiolite content. They
reported a worsening of the barrier properties with
the increment of the sepiolite content.

On the other hand, Ghanadpour et al. (2018a)
prepared thin films, based on phosphorylated cellu-
lose nanofibres and sepiolite, with flame retardancy,
to coat polyethylene. The prepared CNF-sepiolite
films were not able to entirely prevent the ignition
of the film-coated polyethylene composite, contrary
to the films prepared with montmorillonite, which
could create an excellent barrier and thermal shield-
ing, probably due to its lamellar structure. However,
in another work, Kokliikaya et al. (2020) reported
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that the incorporation of sepiolite in a layer-by-layer
coating of cellulose fibres allowed for good fire
retardancy properties, even compared with the use
of montmorillonite. Likewise, Gupta et al. (2019)
prepared sepiolite-based aerogels, with flame retar-
dancy and thermal insulation properties, stabilized
by cellulose nanofibrils, to be used in buildings.
Ghanadpour et al. (2018b) also prepared nanocom-
posite foams using phosphorylated nanocellulose
with excellent flame-retardant properties and self-
extinguishing behaviour. The retardancy properties
were attributed mainly to the intrinsic charring abil-
ity of the phosphorylated fibrils, and the capability
of sepiolite to form an intumescent-like barrier on
the surface of the material.

Sanguanwong et al. (2021) modified the surface
of CNF-sepiolite foams with methyltrimethoxysilane
to produce hydrophobic composites, with good oil
sorption capacity and good mechanical properties. A
different approach was used by Lisuzzo et al. (2020)
who assembled two distinct minerals with cellulose
nanofibrils to produce functional biohybrid materials.
The mixture of nanotubular halloysite and microfi-
brous sepiolite allowed for the preparation of homo-
geneous, flexible, and strong films, with the capacity
to load and release model drugs.

On the other hand, kaolinite is an abundant clay
with platelet-like morphology and ideal formula
Al,Si,05(OH),, which can have a high aspect ratio
(diameter to thickness ratio) (Castro et al. 2018). In
the few works found of CNF-kaolinite composites,
Honorato et al. (2015) compared the use of kaolinite
with CaCOj; to prepare TEMPO-oxidised CNF com-
posites. The use of the clay provided better results,
regarding the film properties, having been obtained
highly brittle composite films with CaCO;. In a dif-
ferent approach, Castro et al. (2018) used a pilot paper
machine to scale-up nanocomposites based on cel-
lulose fibres, microfibrillated cellulose and kaolinite
with fire retardancy properties. The addition of kao-
linite led to a reduction in the mechanical properties
(tensile strength and Young’s modulus) and a large
increase in the porosity of the material with micro-
fibrillated cellulose, which was attributed to a poor
interfacial adhesion between kaolinite and micro-
fibrillated cellulose. Spence et al. (2011) reported a
decrease in the WVTR of microfibrillated cellulose
composite films with the addition of kaolinite, being

that decrease attributed to an increase in the tortuos-
ity of the composite matrix.

In the present work, it was hypothesized that the
type of CNFs used, the film formulation, as well as
the film compactness, have a deep impact on the
properties of the produced films, mainly on their
barrier properties. To infer this hypothesis, four dif-
ferent types of cellulose nanofibrils (produced by
only mechanical treatment, pre-treated with enzyme,
pre-treated by TEMPO mediated oxidation, and pre-
treated by cationization with (3-chloro-2-hydroxypro-
pyDtrimethylammonium chloride), as well as the use
of a single clay mineral (sepiolite), or the combina-
tion of two different clay minerals (sepiolite +kao-
linite), were explored to understand the effect on the
properties of CNF-based composite films. Fibrous
minerals have been less explored to prepare compos-
ite films with CNFs, and, from the best of our knowl-
edge, no work has reported the effect of some CNF
types, such as enzymatic or cationic, on the properties
of composite films with fibrous minerals. Also, not
found in the literature is the effect of the combina-
tion of sepiolite and kaolinite on the performance of
CNF-based composites. Additionally, the effect of the
suspension pH used to prepare the composites was
also evaluated. The optical, mechanical, thermal, and
gas barrier properties of the prepared composite films
were determined, for the different film compositions,
comprising variations of the CNF type, type of min-
eral (single or a combination), and suspension pH, at
a fixed mineral load of 20%.

Materials and methods
Materials

Bleached Eucalyptus globulus kraft pulp supplied by
the Navigator Company was used for the preparation
of all types of CNFs. The sepiolite sample was sup-
plied by Tolsa, SA (Spain) and kaolin was purchased
from Imerys Minerals (UK). Carboxymethylcellulose
sodium salt with a molecular weight of 250 kDa and a
degree of substitution of 0.7, (3-chloro-2-hydroxypro-
pyDtrimethylammonium chloride (CHPTAC) 60 wt.%
aqueous solution, sodium hydroxide (>98%, pel-
lets), 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO
radical, >98%), and sodium bromide were obtained
from Sigma-Aldrich (Merck). Sodium hypochlorite
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with 14% active chlorine was purchased from VWR
Chemicals.

Preparation of CNFs and mineral suspensions

In the present study, four different cellulose nanofi-
bre types were used, namely Mec CNF (prepared
using only mechanical treatments), Enz CNF
(obtained by pre-treatment with an enzyme before
high-pressure homogenization), T55 CNF (pre-
treated with sodium hypochlorite in the presence of
TEMPO radical followed by high-pressure homog-
enization), and Cat CNF (pre-treated with CHPTAC
previous to high-pressure homogenization). The
different CNFs were obtained and characterized
following previously described procedures (Alves
et al. 2022; Pedrosa et al. 2022). For the Cat CNF,
a NaOH/anhydroglucose molar ratio of 2 and CHP-
TAC/anhydroglucose molar ratio of 0.5 were used,
and the cationization occurred for 4 h at 70 °C. Sus-
pensions ranging from 0.71 to 0.94 wt.% (dry basis)
of CNFs were obtained, after the high-pressure
homogenization step, and used to prepare the neat
CNF and composite films. The most relevant char-
acterization data of the produced CNFs are shown
in Table S1. Two different clay minerals were also
used in the present work: a high purity (>95%)
sepiolite sample from the deposit of Vallecas-Vical-
varo (Madrid, Spain), which had been previously
processed by dry micronization into micron-size
particles (Alves et al. 2020b) and a kaolin (Super
Standard Porcelain) composed by ca. 90% of kao-
linite mineral.

Sepiolite aqueous suspensions at 1.0 wt.% were
prepared, previously to film preparation, using a
Dispermat CV3-PLUS-E high-shear disperser at
5000 rpm for 15 min (Alves et al. 2022). Suspen-
sions of 1.0 wt.% kaolinite were also prepared, using
as dispersing agent, carboxymethylcellulose, and as
dispersing equipment an ultrasonic probe (Vibra-cell

VC 505, Sonics, Newtown, CT, USA) for 10 min,
working at 60% amplitude and 1 s pulse (Ferraz et al.
2021).

Preparation of the neat CNF films and CNF-mineral
composite films

Films with different compositions, with only CNFs
and CNF-mineral composite films, were prepared
using the approach of filtration followed by hot press-
ing, according to a previously described procedure
(Alves et al. 2022). Films were designed to have a
grammage of 40 g m™2 and 20% mineral content
in the case of the composites. In brief, the different
formulations, consisting only of CNFs (Mec, Enz,
T55, and Cat), mixtures of CNFs with sepiolite, and
mixtures of CNFs with kaolinite and sepiolite, were
diluted to obtain aqueous suspensions containing ca.
0.2 wt.% solid content (dry basis). Next, the suspen-
sions were allowed to disperse for 10 min at 1000 rpm
using the Dispermat high-shear disperser. The
obtained dispersed suspensions were dewatered using
a filtration unit from Kimble Ultra-Ware Filtration
Systems (DWK Life Sciences GmbH, Mainz, Ger-
many) and cellulose acetate membranes with 0.45 pm
pore and 90 mm diameter (Filtratech, France). The
“wet cakes”, retained over the membranes, were
finally dried using a rapid dryer for laboratory sheets
(Lorentzen & Wettre, model 257, Lorentzen & Wettre
GmbH, Munich, Germany) for 10 min at 110 °C. The
obtained films were stored for further characteriza-
tion. A list of the produced films with their composi-
tion is shown in Table 1.

Characterization of the CNF-based films

The obtained films were characterized in terms of
optical, mechanical and barrier properties, as well
as for the thermal properties (thermogravimetry),
morphology (scanning electron microscopy) and by

Table 1 The prepared
CNF-clay composite films

and neat CNF films

Film composition Mec CNF Enz CNF T55 CNF Cat CNF
Neat CNF (100%) v v v v
80% CNF +20% SEP v v v v
80% CNF +10% SEP+10% Kao v v v v
80% CNF +20% SEP, pH 3 v v v -
80% CNF +10% SEP+10% Kao, pH 3 v v v -
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FTIR. The optical properties (transparency) were
accessed according to the ISO 22891 standard,
using a Technidyne Color Touch 2 spectrophotom-
eter (Technidyne Corporation, New Albany, Indiana,
USA). Two film replicates were analysed for each
formulation, by applying the illuminant D65 and the
observer 10°. The thickness of the different films was
measured using a micrometre (Adamel Lhomargy,
model MI 20, Roissy-en-Brie, France), based on ten
measurements for two replicates, being reported the
average value obtained for these measurements. The
tensile properties were determined according to the
ISO 19241 standard, at 23+1 °C and 50+2% RH,
using a tensile tester (Thwing-Albert Instrument Co.,
EJA series, West Berlin, NJ, USA). The following
setup of the tensile tester was used to study the ten-
sile properties: a tensile rate of 5 mm per minute and
an initial gap between grips of 5 cm. The properties
studied were the tensile strength, Young’s modulus
and elongation at break, and the reported values cor-
respond to the average of four specimens for each film
type.

The morphology of the surface and the cross-sec-
tion (after cryofracture) of the different films were
examined using a field emission Carl Zeiss Mer-
lin microscope (Carl-Zeiss, Germany), in second-
ary electron mode. An acceleration voltage of 2 kV
and a working distance of 6 mm was used to obtain
the images of the gold sputter-coated samples. The
homogeneity and microstructure of the films were
studied for the different film formulations.

FTIR-ATR spectra of the films were recorded in
a JASCO FT/IR-4200 spectrometer (Jasco Corpora-
tion, Tokyio, Japan) using a universal ATR accessory,
in the range of 500-4000 cm™!, with a resolution of
4 cm~! and applying 128 scans.

Thermal analysis was performed using a SDT
Q600 thermal analyser from TA instruments.
The samples were heated under a nitrogen flow
(100 mL min~!) from room temperature up to
1000 °C, at a rate of 10 °C min~'. For a better nor-
malization of the values, the char residue was esti-
mated on a dry basis of material, that is, using the
weight obtained after the thermogravimetric loss (at
150 °C) due to moisture and adsorbed water.

The water vapour transmission rate (WVTR) and
water vapour permeability (WVP) were evaluated by
the gravimetric method according to the ASTM E96-
00 standard. WVTR (in g m™2 day‘l) and WVP (in

g Pa~! day™! m™!) were obtained at 23+1 °C and
50+2% RH. The mass changes (Am) were meas-
ured every hour for 48 h. The WVTR was calculated
by the ratio between the slope of the straight line
(Am/At) and the exposed film area (in m?). WVP
was obtained from the WVTR value, as previously
detailed (Almeida et al. 2021).

The oxygen transmission rate (OTR) of the films
was measured using a Mocon Ox-Tran 2/22 equip-
ment in accordance with ASTM F1927-20. The meas-
urements were carried out under similar temperature
and RH conditions of the WVTR measurements. The
oxygen permeability (OP) was calculated from the
OTR, by multiplying it by the film thickness.

Results and discussion
Characterization of the CNF-based composite films
Electron microscopy studies

The microstructure of the composite films prepared
was firstly studied by scanning electron microscopy.
The images obtained for the different materials are
depicted in Fig. 1 (films of the CNFs with the lowest
and highest degree of fibrillation, as examples).

In general, all the prepared films appeared in an
oriented layered structure, without evident signs of
clay and CNF segregation. The present observations
are in line with previous works, in which films pre-
pared by filtration followed by hot pressing presented
well-defined layers of oriented particles (Alves et al.
2022). The absence of segregation between the CNFs
and minerals could explain the good performance of
the composite films, mainly the ones prepared using
T55 and Cat CNFs, as shown below in "Optical prop-
erties of the CNF-based composite films, Mechani-
cal properties of the CNF-based composite films
and Barrier properties of the CNF-based composite
films" sections. On the other hand, changing the pH
of the film preparation also did not result in relevant
changes in the layered structure of the films, even
though some aggregation of fibrils could be induced
previously to film formation (Alves et al. 2020a).

@ Springer
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Fig. 1 Scanning electron
microscopy images of CNF-
based composite films at a
magnification of 5000x. a
Mec CNF; b T55 CNF; ¢
Mec CNF +20% sepiolite;
d T55 CNF +20% sepiolite;
e Mec CNF +20% sepiolite
pH 3; £ T55 CNF+20%
sepiolite pH 3; g Mec
CNF+ 10% sepiolite + 10%
kaolinite; h TS5 CNF + 10%
sepiolite + 10% kaolinite; i
Mec CNF + 10% sepio-

lite + 10% kaolinite pH 3;

j T55 CNF+ 10% sepio-
lite + 10% kaolinite pH 3.
The scale bars represent

1 pm
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Fig. 2 FTIR spectra of
series of films of Mec CNF
and T55 CNF with minerals

Absorbance (a.u.)

Mec CNF +
10% SEP + 10% Kao,
pH 3

Mec CNF +
20% SEP, pH 3

Mec CNF +
10% SEP + 10% Kao
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SEP

T
3800 3400 3000
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2600 2200 1800 1400 1000 600

Wavenumber (cm™)

T55 CNF +
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T55 CNF +

20% SEP, pH 3

T55 CNF +
10% SEP + 10% Kao

~T55 CNF + 20% SEP

T55 CNF

SEP

3800 3400 3000

FTIR studies

The films were also analysed by FTIR spectros-
copy. The infrared spectra of the different CNF film
series are presented in Fig. 2 (series of Mec CNF and
TEMPO CNF) and Figure S1 (series of Enz CNF
and Cat CNF). The infrared data of the films of only
CNFs showed the prevalence of the characteristic
bands of cellulose; namely, bands at ca. 8§97, 1103

2600 2200 1800 1400 1000 600

Wavenumber (cm™)

and 1160 cm™! were observed, due to C1-H bending
and C-O stretching vibration modes. Additionally,
the highest absorption was observed in the region of
1000-1050 cm™!, with maxima at 1027 cm™'. For
the TS5 CNF film, a strong band at ca. 1600 cm™!
appeared, indicating the presence of carboxy-
late groups from the TEMPO-mediated oxidation
(COO™ asymmetric stretching). This band prevailed
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over the band at ca. 1645 cm™! from the O—H bending
of adsorbed water.

With the sepiolite incorporation (20%) in the
films, some changes were evident in the absorp-
tion spectra. In the region from 800 to 1100 cm™!,
the envelope of the strongest band and the position
of the maximum changed slightly, reflecting the
presence of sepiolite which has a strong absorp-
tion (Si-O stretching) at ca. 970 cm™! (Fig. 2), for
which bands overlapped with the characteristic
absorption of cellulose. Typically, a maximum at
1015-1020 cm™! was observed. The 897 cm~! band
was also reduced in intensity reflecting the presence
of sepiolite. FTIR spectroscopy did not enable to
assess the chemical interactions between the sepio-
lite and CNF in the composite films, as the vibra-
tion bands of CNF attenuated and masked the sepio-
lite bands, due to the higher content of CNF (80%)
in the films. For instance, the very weak bands for
the O-H stretching in the Si-O-H, Mg—-O-H and
Mg—OH, bonds of sepiolite were absent in the spec-
tra of the composites (region of 3500—-3750 cm ™).

With the additional incorporation of kaolinite (10%
sepiolite+ 10% kaolinite), the spectra showed further
changes in the position of the absorption maximum

to 999-1003 cm™! for the different CNFs. Additional
bands in the 3600-3700 cm™! region, namely at 3617,
3647 and 3687 cm™', due to kaolinite (O-H bending),
were also observed, which were at similar wavenum-
ber of those observed in the kaolinite-only spectrum.

For the films of CNFs and minerals prepared at pH
3, the FTIR spectra were reasonably similar to those
of the corresponding films prepared at near neutral
pH, and no further interactions could be deduced
from the FTIR data analysis.

Thermogravimetric studies

The thermogravimetric data showed different trends
regarding thermal properties depending, mainly, on
the type of CNFs evaluated. The main results are
summarized in Table 2. The thermograms and the
corresponding derivative curves for all the series of
composite films are presented in Fig. 3 and Figure S2.
The onset temperature for the degradation of the cel-
lulosic component varied according to the film pre-
pared. Neat films of Mec CNF and Enz CNF were
more thermally stable (T, of 253-255 °C) than those
of T55 CNF and Cat CNF (T,, of 203 and 225 °C,
respectively). Note that degradation of TS5 CNF is

Table 2 Thermogravimet- Film T,, °C)* To Co)P Char
I'l(.t data. of films of.CNF.s residue
with minerals (basis weight (%)°
of 40 g m)
Mec CNF 253 320 18.8
Mec CNF +20% SEP 207 350 25.3
Mec CNF + 10% SEP+ 10% Kao 218 350 25.2
. Mec CNF+20% SEP, pH 3 228 348 24.7
Temperature
corresponding to the onset Mec CNF + 10% SEP+10% Kao, pH3 231 338 29.3
of material degradation. Enz CNF 255 343 18.8
Values with an estimated Enz CNF +20% SEP 221 345 28.2
S”"r around 3 °C Enz CNF+ 10% SEP + 10% Kao 243 348 25.9
Temperature(s) Enz CNF+20% SEP, pH 3 246 339 20.0
corresponding to the
maximum degradation rate Enz CNF+ 10% SEP+ 10% Kao, pH3 253 342 22.5
(based on derivative curve). T55 CNF 203 244/310 22.8
Values with an estimated T55 CNF +20% SEP 203 252/320 39.6
error around 3 °C T55 CNF+ 10% SEP + 10% Kao 218 266/326 42.1
c < H
Based on final residue T55 CNF+20% SEP, pH 3 212 268(sh)/326 34.8
at 1000 °C relatively
to the mass obtained at T55 CNF + 10% SEP + 10% Kao, pH3 217 271(sh)/333 43.9
150 °C (dry basis): (mf/ Cat CNF 225 314/345 17.6
m150) X 100. Values with Cat CNF+20% SEP 231 313/351 326
an estimated error around Cat CNF + 10% SEP+ 10% Kao 240 315 37.6

0.5%
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initiated by the decomposition of carboxylic groups
that are linked to the glucose units of the cellulose
chain. This is the reason why the neat TS5 CNF film
was less stable than the corresponding films of Mec
CNF and Enz CNF. It was also less stable than the
neat Cat CNF film, although, for the latter, degrada-
tion of substituent alkylammonium groups limits its
stability in comparison to Mec CNF and Enz CNF.
Depolymerization of cellulose to volatile levoglu-
cosan and formation of aromatic char are considered
to be the main steps responsible for cellulose degra-
dation and weight losses observed (Ghanadpour et al.
2018b).

The mineral incorporation in the films had differ-
ent effects: in the case of the Mec CNF and Enz CNF
films, the mineral (sepiolite alone or sepiolite com-
bined with kaolinite) reduced the onset temperature
of degradation (lower thermal stability). However, for
the TS5 CNF and Cat CNF films, there was a general
improvement in the thermal stability with the mineral
incorporation in the film (20%). Note, as well, that the
concomitant introduction of lamellar mineral seemed
to improve slightly the thermal stability of the com-
posite films in comparison with the composite films
prepared with only CNFs +sepiolite (218 vs. 207 °C
for Mec CNF, 243 vs. 221 °C for Enz CNF, 218 vs.
203 °C for T55 CNF, and 240 vs. 231 °C for Cat
CNF). When the film preparation was run at pH 3,
an improvement in the thermal stability for Mec CNF
and Enz CNF was observed (vs. the preparations at
near neutral pH). In the case of T55 CNF, a similar
improvement was observed for the preparation with
only sepiolite at 20% content (212 vs. 203 °C).

Concerning the temperature of maximum deg-
radation rate, T,,,, (Table 2, Fig. 3 and Figure S2),
the trends were not the same as those observed for
the onset degradation temperature. This temperature
was increased for Mec CNF-based films from 320 °C
(neat CNF) to 338-350 °C (composites), whereas for
Enz CNF, the variations were very small between
films (<5 °C). In the case of the T55 CNF series,
two peaks (or a shoulder plus peak) were observed
in the derivative curve. Both the peaks were shifted
to higher temperatures after sepiolite incorporation,
confirming an increment in the thermal stability of
the material. Similar to the T, trend, the experiments
conducted at pH 3 seemed to promote a slight incre-
ment of the T, for T55 CNF+ sepiolite films. The
same effect was observed for the introduction of the
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lamellar mineral (kaolinite). For Cat CNF films, two
peaks were also observed (except for the case of kao-
linite incorporation), like the behaviour of the corre-
sponding T55 CNF-based films, although, compared
to the latter their positions differed significantly.

As for the char residue value, there was an incre-
ment for the composite films in comparison to the
neat CNF films, as it would be expected, since the
mineral weight loss in the range of temperature stud-
ied is much lower than that of CNFs (Fig. 3 and Fig-
ure S2). The highest char residues were obtained for
the films of T55 CNF with minerals followed by the
films of Cat CNF with minerals. For example, the
neat T55 CNF film presented a char (at 1000 °C) of
23% that increased for the film of TS5 CNF with 20%
sepiolite to 40%. The film with 10% sepiolite and
10% kaolinite had a char of 42%.

It should be highlighted that for the case of a com-
posite film of sepiolite (20%) with T55 CNF, a char
of ca. 34% would be predicted by considering the
losses observed in the individual thermograms of
neat CNF and sepiolite and the proportions of these
two components used in the film production, assum-
ing no synergy between the components. However,
the amount of char in the composite was significantly
higher, showing that the addition of sepiolite besides
improving the thermal stability of TS5 CNF film,
also limited the release of volatile and combustible
compounds to lower values during thermal degrada-
tion. This is an important result concerning the use of
these films as flame-retardant materials.

The present results showed that the improvement
in thermal stability of the CNF-sepiolite compos-
ites can be conditioned by the type of CNFs used
in the formulations. Under the conditions applied
for the preparation of the composite films, the min-
eral (sepiolite or sepiolite + kaolinite) had a positive
effect when combined with the more nano-fibril-
lated T55 and Cat CNFs, but not combined with
the more difficult to disperse Mec CNF and Enz
CNF nanocelluloses, majorly comprising micro-
fibrillated material. No previous studies are avail-
able on films made of sepiolite and nanocellulose
pre-treated by enzymatic hydrolysis or cationic
modification. However, previous studies on films
(Gonzélez del Campo et al. 2018; Martin-Sampedro
et al. 2022) and foams (Sanguanwong et al. 2021)
made of TEMPO CNF and sepiolite also referred an
improvement in thermal stability with the addition
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of sepiolite to CNFs. For instance, it was recently
reported that TEMPO CNF film showed a T, of
297 °C that increased to 307 °C for the composite
with 20% sepiolite; the T, was roughly similar in
both cases (222-225 °C) (Martin-Sampedro et al.

Mec. CNF Enz. CNF
Tss CNF Cat. CNF

Fig. 4 Digital photographs of the films obtained using the dif-
ferent CNF types

2022). In the present study, it was used a method of
preparation different from that described in the ref-
erence above (Martin-Sampedro et al. 2022) to pre-
pare CNF-sepiolite films. Even so, a good thermal
stability for TEMPO CNF films with sepiolite was
demonstrated, an achievement that should be high-
lighted in the framework of the present study.

Optical properties of the CNF-based composite films

The transparency of the obtained films was dependent
on the type of CNFs used, and, in all cases decreased
with the incorporation of the minerals in the compos-
ite, as it would be expected (Figs. 4, 5).

The less fibrillated nanocellulose samples, namely
Mec CNF and Enz CNF, gave films with lower
transparency compared to the samples with higher
degrees of fibrillation (Cat CNF and T55 CNF), as
expected for neat CNF films. The improved opti-
cal properties presented by the films of T55 and Cat
CNFs are related to the smaller dimensions of the
fibrils, which also allow a more uniform packing,
and reduce the dispersion of light by the film, lead-
ing to highly transparent materials when no mineral
component is used. The further addition of sepiolite
in the composite matrix, alone or combined with kao-
linite, decreased the transparency since this mineral is
an opaque and coloured material, which leads, there-
fore, to a higher light dispersion/absorption. It should
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be noted that for the films prepared with Mec CNF
and Enz CNF, the addition of sepiolite also provided
a general increase of the film thickness (for the same
grammage). The addition of kaolinite was not trans-
lated in a trend towards transparency increment; in
some cases, the transparency was even slightly lower
when comparing composite films with 10% sepio-
lite+ 10% kaolinite with those of 20% sepiolite (see
series of T55 CNF and Cat CNF). Changing the sus-
pension (CNF+mineral) pH to 3 did not benefit the
transparency of the produced films either.

It is interesting to note that somewhat higher val-
ues of transparency were obtained for the composite
films with Cat CNF than for the analogous with T55.
The reason for this is not clear. However, it could be
antecipated that the positive charges on the surface of
the cationic CNF allowed for a better cohesion in the
composite film by favoring interaction with the nega-
tively charged particles of the mineral, thus improv-
ing the transparency of the film (less air/film inter-
faces providing lower light scattering).

The transparency values achieved in the CNF-min-
eral composite films, at a clay load of 20%, were rela-
tively low for the films having Mec CNF of Enz CNF
(around 40%). However, with T55 CNF and Cat CNF,
values up to 65% for the films with 20% sepiolite
were obtained, which can be viewed as more accept-
able results regarding film transparency.

Mechanical properties of the CNF-based composite
films

The mechanical properties obtained for the prepared
films are presented in Fig. 6.

The way the particles can join and interact has a
great impact on the properties of the materials, and
thus the packing of the particles and their mixture
state also have a deep impact on the mechanical
properties of the films prepared. The films prepared
with neat Mec CNF and Enz CNF presented excel-
lent mechanical performance in what concerns the
tensile strength and Young’s modulus, which could
be related with longer and thicker fibres/fibrils pre-
sent in these samples (degree of fibrillation obtained
for Mec and Enz CNFs was less than 20%, Table S1).
For films containing only CNFs, the presence of these
long and thick fibrils may be beneficial, because the
packing of CNFs is not impaired, but for composite
films the packing of CNFs and mineral particles will
be negatively impacted, being the mechanical prop-
erties largely affected by the presence of the mineral
particles. Contrary, the films prepared with TS5 and
Cat CNFs did not face a decrease in these mechani-
cal properties, and could even show an improvement
in their performance with the introduction of 20%
mineral particles, namely in the tensile strength for
the T55-mineral composites. The gain in the perfor-
mance of the latter films can be attributed to a good
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packing of the mixture of CNFs and mineral particles,
established between the thin fibrils of T55 and Cat
CNFs and the mineral particles, taking advantage also
from the good mechanical properties, i.e., rigidity, of
the inorganic particles. The lower degree of fibrilla-
tion of Mec CNF and Enz CNF, resulting only in a
few thin fibrils did not permit the formation of a com-
pact matrix of CNFs and mineral particles. Chemical
interactions through the carboxyl or the alkylammo-
nium functional groups of TS5 CNF and Cat CNF,
respectively, and the silanol groups of the mineral
particles could also favour a higher compatibility
between the mineral and CNFs, in comparison to Mec
CNF and Enz CNF. The thinner and functionalized
T55 and Cat fibrils allow thus a better entanglement
with the mineral particles, giving rise to a stronger
network and consequently improving the mechanical
properties of the resultant composites. Also, it was
observed that the more ductile films were the ones
prepared with Cat CNF, with an elongation at break
near 20% for both the neat CNF film and the CNF
composite films (Table S2). Previously reported com-
posite films of nanocelulose with sepiolite showed
maximum elongation values of ca. 4% and, in some
cases, the elongation was reduced from the neat
CNFs to the composite films (Gonzélez del Campo
et al. 2020, 2018; Martin-Sampedro et al. 2022). The
present results show that Cat CNF alone or combined
with fibrous clay allows for films with a larger elon-
gation at break, not possible with other CNF types.
One of the main difficulties faced to prepare films
using T55 and Cat CNFs by filtration+hot press-
ing is the long dewatering times needed. For sam-
ples with low charge density and lower fibrillation
degree, as is the case of Mec CNF and Enz CNF, the
films can be prepared fastly by filtration+hot press-
ing due to the fast removal of water from the CNFs
or CNF+mineral suspensions. However, for the
cases of highly charged and more fibrillated CNFs
the water removal time is largely increased (filtra-
tion time of ca. 10-30 min for the preparation of films
of Mec and Enz CNFs and ca. 1-4 h for the prepara-
tion of films of Cat and T55 CNFs, as neat CNF films
). A promising strategy to speed up the preparation
of films, containing negatively charged fibrils, may
be the reduction of the charge density of the CNFs,
for example, by decreasing the pH value of the sus-
pensions (Alves et al. 2020a). However, it is crucial
to keep the aggregation of the fibrils in a controlled

range, avoiding the loss of properties of the films
(Alves et al. 2020a). Applying this approach, it was
possible to reduce the filtration time of neat TS5 film
from ca. 4 h to 1h40 min (ca. 2.4 times faster). Addi-
tionally, the results shown in Fig. 6 do not evidence
a negative impact on the mechanical properties of
the composite films with TS5, when the suspension
pH was reduced to 3 in the preparation of these films
(except for a slight decrease in the tensile strength for
the case of T55+sepiolite at pH 3). Therefore, the
controlled aggregation of fibrils and fibrils 4+ mineral
allowed the arrangement of the particles similar to the
dewatering at neutral pH, but with the advantage of
reducing the preparation time. This strategy is highly
relevant thinking in a scale-up process of film prepa-
ration, because the long dewatering times are pointed
as one of the main drawbacks in industrial processes
employing TEMPO-oxidised CNF (Amini et al.
2019). In a work related to this thematic, Fall et al.
(2022) studied the dewatering of several types of
CNFs, but considered a different approach to dewa-
ter the CNF suspensions, based on a piston press pro-
cess, which allowed reaching final solid contents of
approximately 20-30%. It is important to note that the
dewatering rate changes during the entire dewater-
ing process, being higher in the biggening and lower
when the water content in the wet cake becomes very
low.

Barrier properties of the CNF-based composite films

The barrier properties of composite films are cru-
cial for some applications, such as food packaging,
printed electronics or old document restoration. The
WVTR and OTR results obtained for the CNF-based
composite films are presented in Fig. 7.

In line with the observed mechanical properties of
the CNF-based composite films, the oxygen barrier
properties of the films prepared using Mec and Enz
CNFs were deeply affected by the addition of mineral
particles. The neat Mec CNF and Enz CNF films pre-
sented good OTR results, ca. 10-20 cm® m™ day™!,
which were fully lost with the addition of sepiolite,
being even not possible to measure the OTR values
of the films with Mec CNF and minerals (out of the
range of the equipment,>60,000 cm® m~2 day™').
The films containing Enz CNF and minerals were
also greatly affected by the addition of sepiolite (OTR
increases from ca. 10 cm® m™2 day™' to more than
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10,000 cm® m~ day™'), being the oxygen barrier
only slightly recovered by the simultaneous addition
of kaolinite and the decrease of the suspension pH
value used in the film preparation. On the other hand,
the films prepared using T55 and Cat CNFs, as neat
or as composites with minerals, presented excellent
oxygen barrier properties, below 10 cm® m™2 day™!
for all the prepared films. The best OTR result was
obtained for the film prepared using T55 and 20%
sepiolite (<0.4 cm® m~2 day~!, below the minimum
value able to be measured by the equipment-under-
flow). Also, the composite films of TS5 with sepio-
lite and kaolinite, prepared at near neutral pH or at
pH 3, or the composite with sepiolite prepared at
pH 3, presented excellent oxygen barrier proper-
ties, < 1.8 cm® m~2 day~'. It is important to note that
these values of OTR are better than most of commer-
cial plastics, such as films made of polypropylene
and films of polyethylene, which present values of ca.
1000 and 3000 cm® m~2 day~", respectively (Mani-
kantan et al. 2022; Soltani and Spontak 2017).

The films using Cat CNF also showed very good
oxygen barrier properties, only slightly lower than
those of the films employing T55 CNF. These OTR
results are in good agreement with the mechanical
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properties, revealing that a compact matrix of the
films formed with more fibrillated CNFs and mineral,
can avoid the oxygen molecules diffusion through the
films, contrary to the films prepared with low fibril-
lated CNF samples (Mec and Enz CNFs), which
formed films with low compactness and consequently
allowing the easy passage of oxygen.

When the oxygen barrier performance is presented
in terms of oxygen permeability (OP) values, the
same aforementioned trends were observed (Table 3),
in account for the fact that the films do not vary sub-
stantially from each other regarding film thickness.
OP was<0.1 cm®> mm m~2 day~! atm™' for the T55-
based composite films, and <0.5 cm® mm m~2 day™!
atm~! for the composite films with Cat CNF. For the
composite film of T55 and 20% sepiolite, the OP was
certainly lower than 0.02 cm® mm m~2 day~! atm™..
These results confirmed the high oxygen barrier of
the composite films prepared with T55 CNF or Cat
CNF and the sepiolite mineral, evidenced by the OTR
results. Comparing our films with plastics possess-
ing high oxygen barrier, such as ethylene vinyl alco-
hol (EVOH) or poly(vinylidene chloride) (PVDC),
the two plastics with the highest oxygen barrier used
in commercial materials, some of our films present
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Table 3 .(.)xygen Film
permeability values of films
prepared by filtration + hot
pressing with CNFs and

Oxygen perme-
ability (cm® mm
m~2 day~! atm™")

Water vapour per-
meability x 10°
(gmPa~! day™! m™?)

minerals (basis weight of

Mec CNF
40 gm™2)

Mec CNF +20% SEP

Mec CNF+ 10% SEP+ 10% Kao

Mec CNF+20% SEP, pH 3

Mec CNF+ 10% SEP+ 10% Kao, pH3

Enz CNF
Enz CNF+20% SEP

Enz CNF+ 10% SEP + 10% Kao

Enz CNF+20% SEP, pH 3

Enz CNF+ 10% SEP+ 10% Kao, pH3 ~ 248*

T55 CNF
T55 CNF+20% SEP

T55 CNF+10% SEP+10% Kao

Measurements were made
at 23 °C and 50% RH

?Only the determination of
one replicate was possible
being the other replicate
out of the range of the
equipment

T55 CNF+20% SEP, pH 3

Cat CNF
Cat CNF+20% SEP

T55 CNF+10% SEP +10% Kao, pH3

Cat CNF+ 10% SEP + 10% Kao

1.3+0.2 59+0.8
>2800 10.4+1.3
>2800 7.5+0.5
>2800 13.3+2.0
>2800 11.0+1.1
0.55+0.14 34+04
536+157 5.4+0.6
1301% 5.8+04
2283% 82+1.0

6.5+1.0
0.043 6.5+0.3
<0.02 54+15
0.036 +0.008 42+03
0.11+0.03 8.6+0.1
0.089+0.056 6.6+0.1
0.39+0.08 57+0.5
0.52+0.13 11.7+£0.6
0.33+0.12 8.8+0.4

better barrier properties (in the same RH and temper-
ature measurement conditions). For example, EVOH
presents an oxygen permeability value ranging from
0.04 to 0.4 cm®> mm m™2 day_1 bar~!, and PVDC
ranging from 0.01 to 0.3 cm® mm m~2 day~! bar™!
(Michiels et al. 2017). Our films, such as neat T55
film (0.04 cm® mm m=2 day™' bar™!), T55+20%
SEP (<0.02 cm® mm m~2 day™! bar™!), T55+10%
SEP+10% Kao (0.04 cm® mm m™2 day™! bar™!)
and T55+10% SEP+10% Kao, pH 3
(0.09 cm® mm m~2 day~! bar™!) generically present
better oxygen barrier.

Contrary to OTR, the WVTR of the prepared films
did not change so dramatically amongst all samples,
being observed WVTR values between ca. 100 and
300 g m~2 day~!. The use of highly fibrillated (and
functionalized) CNFs did not provide films with an
enhanced capacity to avoid water vapour permeation,
perhaps due to the presence of hydrophilic counteri-
ons which can act as water access points. Even the
adjustment of the suspension pH to 3 (while keeping
the same formulation composition), did not allow an
improved water vapour barrier of the composite films,
as higher WVTR values were generally obtained,
including in the case of T55 films. Conversely, the

addition of a small portion of kaolinite always had a
positive impact on the water barrier properties of the
films. A WVTR of 140 g m~2 day~! was obtained for
the film with T55+10% sepiolite+ 10% kaolinite,
which is a good result considering the results reported
so far for CNF-mineral composites (most of them
higher than 150 g m~2 day™!) (Gonzélez del Campo
et al. 2020; Ho et al. 2012; Honorato et al. 2015;
Spence et al. 2011).

Thus, some synergistic effects, such as the mixture
of a fibrous and a planar mineral, or the use of low
pH values, can improve the barrier properties of the
composite films, or allow the fast preparation of the
materials, and to the best of our knowledge were not
explored so far. Overall, as for the oxygen and water
vapour barrier properties, the films of T55+20%
sepiolite and T55 + 10% sepiolite + 10% kaolinite pro-
vided the best results. However, if all properties of the
films are considered together (namely transparency,
tensile strength, elongation at break, oxygen bar-
rier, water vapour barrier, and char residue), besides
the two abovementioned films, the Cat+ 10% sepio-
lite4+10% kaolinite film also showed good perfor-
mance. The film of T55+ 10% sepiolite+ 10% kao-
linite prepared at pH 3 was also very good in terms
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of oxygen barrier and char residue, but it exhibited a
very low transparency. The film of Cat CNF+20%
sepiolite although not as good as the other T55- and
Cat-based films for the gas barrier, it presented the
best transparency and elongation at break of all the
prepared composite films. Thus, according to the
results obtained in this work, the selection of the film
can be tuned to the desired purpose. If the purpose is
to obtain an improved water vapour barrier, the lamel-
lar mineral incorporation in the CNF composites adds
to the performance. However, for an excellent oxygen
barrier, the incorporation of the fibrous mineral in the
TEMPO CNF composite is enough. Other properties
such as transparency, tensile strength, elongation at
break or char residue can be adjusted by an appropri-
ate selection of the composite components and the
preparation conditions.

Conclusions

In the present work, four different types of cellulose
nanofibres (CNFs) and two clay minerals, single
(sepiolite) or combined (sepiolite+kaolinite), were
explored in the production of composite films. It was
possible to prepare composite films with remarkable
oxygen barrier properties (OTR <0.4 cm® m~2 day™")
using TEMPO-oxidised CNF and 20% sepiolite. Very
good oxygen barrier was indeed obtained for all com-
posite films prepared with T55 CNF and Cat CNF
(OTR<1.8 cm® m™ day~! and<8.2 cm® m™2 day™!,
respectively). These CNF-based composite films
also showed a good mechanical performance, at least
similar or even better that that of the neat CNF films.
The high oxygen barrier could be explained by the
compactness of the films induced by an improved
entanglement of the organic (CNFs) and mineral
(clay) particles, possible due to the high compatibility
between the thin and functionalized fibrils of T55/Cat
CNFs and the clay particles. Additionally, the results
achieved for the water vapour barrier were accept-
able, especially when kaolinite was also added in the
composite preparation (WVTR of 140 g m~2 day~!
for the film of T55+10% sepiolite+ 10% kaolinite).
On the other hand, the films prepared using Mec
CNF or Enz CNF and sepiolite (or sepiolite +kaolin-
ite) showed poor oxygen barrier, and the mechanical
properties of the neat CNF films were highly affected
by the addition of the clay minerals. Overall, when
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all measured properties (mechanical, optical, gas bar-
rier, char residue) are considered together, the films
that performed better were the TS5+20% sepiolite,
T55+10% sepiolite+ 10% kaolinite and Cat+10%
sepiolite + 10% kaolinite.

A decrease in the pH of the suspensions used to
prepare the films led to a decrease in film preparation
time, without a major negative impact on the compos-
ite film properties, leading even to an improvement in
the thermal stability. It should be noted, as well, that
in the present study the preparation of the films was
carried out using high-speed shearing to prepare the
sepiolite and sepiolite + CNF suspensions previously
to the film formation. This is easier to implement in
large scale production than other methods usually
employed for dispersion, such as ultrasonication,
which may be viewed as an advantage for the present
work over other related works.
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